Abstract: Environmental, plant and animal exposure to hazardous substances from electronic wastes (e-wastes) in Nigeria is increasing. In this study, the potential cytogenotoxicity of e-wastes leachate and contaminated well water samples obtained from Alaba International Electronic Market in Lagos, Nigeria, using induction of chromosome and root growth anomalies in Allium cepa, and micronucleus (MN) in peripheral erythrocytes of Clarias gariepinus, was evaluated. The possible cause of DNA damage via the assessments of liver malondialdehyde (MDA), catalase (CAT), reduced glutathione (GSH) and superoxide dismutase (SOD) as indicators of oxidative stress in mice was also investigated. There was significant (p < 0.05) inhibition of root growth and mitosis in A. cepa. Cytological aberrations such as spindle disturbance, C-mitosis and binucleated cells, and morphological alterations like tumor and twisting roots were also induced. There was concentration-dependent, significant (p < 0.05) induction of micronucleated erythrocytes and nuclear abnormalities such as blebbed nuclei and binucleated erythrocytes in C. gariepinus. A significant increase (p < 0.001) in CAT, GSH and MDA with concomitant decrease in SOD concentrations were observed in the treated mice. Pb, As, Cu, Cr, and Cd analyzed in the tested samples contributed significantly to these observations. This shows that the well water samples and leachate contained substances capable of inducing somatic
dumpsites through lateral and vertical transfer of contaminants. Such contaminants may therefore bioaccumulate in aquatic organisms, become biomagnified in fishes which are at the top of the aquatic food chain and can ultimately affect humans who feed on such fishes. Hence, there is need for evaluation of the potential genotoxic effect of e-waste using aquatic organisms.
In this study, we investigated the genotoxic and cytotoxic potentials of e-waste leachate and well waters from a major electronic market in Lagos, Nigeria using piscine micronucleus and Allium cepa assays. In addition, we assessed oxidative damage in mice as a possible mechanism for DNA damage.
Materials and Methods

Sampling Site
The study site, Alaba International Market, Ojo, is located in the Southwestern part of Lagos State (Latitude 6°23'N and Longitude 2°42'E), Nigeria ( Figure 1 ). The market, the largest in Africa where sales of fairly used and new electric and electronic goods are transacted, is surrounded by residential quarters. Within the market, there are many illegal dumpsites where obsolete electronics are usually dumped, dismantled for crude recycling and the remaining scraps burnt to reduce waste volume [7, 8] . Well waters, used for drinking, ablution, cooking and other domestic and commercial purposes by workers and residents in the neighbourhood, are located within a 200 m circumference of the e-waste open dumpsites. 
Sample Collection
Water was collected from three different wells in the month of April, 2012 into 3 × 25 L preclean plastic containers and was labeled Alaba Well Water 1 (AWW1), Alaba Well Water 2 (AWW2) and Alaba Well Water 3 (AWW3). These wells were with apparent distance of 105.23 m, 133.36 m and 156.05 m, respectively, away from the open e-waste dumpsite as measured using Global Positioning System (GPS) coordinates (etrex LEGEND, GARMIN). Another well water sample was collected from Itire, Lagos, another community 10.91 km away from the dumpsite and without any known history of waste dumping, which served as control. Raw leachate (Alaba raw leachate, designated ARL) was also collected from different hollows on the dumpsite (holes in the ground where leachate seeps into) into clean 25 L plastic containers. These samples and control were transported to the laboratory, filtered using 15 cm filter paper (Whatman ® , England) to remove debris, pH measured and stored at 4 °C throughout the period of study.
Physico-Chemical and Heavy Metal Analyses
Chemical oxygen demand (COD), alkalinity, biochemical oxygen demand (BOD), total dissolved solids (TDS), chlorides, nitrates, ammonia, and phosphates were analyzed in the leachate and well water samples in accordance with APHA [11] method. Heavy metals: Pb, Cd, Cu, Cr, Fe, Zn, Ni, Ag, and Mn were also analyzed in the samples in accordance with APHA [11] and USEPA [12] methods and the metal concentrations measured using Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES, Perkin Elmer Optima 3300DV, Boston, MA, USA).
Biological Materials Used for the Study
The biological materials employed are onion (Allium cepa; 2n = 16), African cat fish (Clarias gariepinus, Burchell, 1822) and albino mice (Mus musculus). Equal-sized onion bulbs were obtained commercially from Shasha market in Ibadan, Nigeria. About four times the total number of onion bulbs needed for the experiment was acquired and sun dried for 2 weeks before the commencement of the experiment. This served to replace any bulb that may dry up, rot or damaged by mould [13] . These were then used to evaluate the cytogenotoxic potentials of the well water and leachate samples using root growth inhibition and induction of chromosomal aberration as the assay end points.
Juvenile C. gariepinus (average weight of 26.27 ± 6.52 g and length 14.80 ± 1.33 cm) commercially obtained from Oyo State ministry of Agriculture and Natural Resources, Ibadan, Oyo State, Nigeria were acclimatized for a minimum of two (2) weeks in the laboratory prior to the commencement of the experiment. The fishes were maintained at 12 h photoperiod of day and night before and during the experiment and they were fed with commercial feed pellets ad libitum.
Sixty male albino mice (6-7 weeks old) obtained from Nigeria Institute of Medical Research (NIMR), Lagos, Nigeria, were used for the biochemical analysis. The mice were acclimatized for a minimum of 2 weeks in an apparently pathogen free, well-ventilated animal house of the Department of Biosciences and Biotechnology, Babcock University, Ilisan Remo, Ogun State, Nigeria. They were fed with food (Ladokun pelleted feed ® ) and drinking water ad libitum. All animal experiments in this study were conducted in accordance with standard guidelines [14] .
Allium Cepa Assay
Twelve onion bulbs were used per concentration: 6.25, 12.5, 25, 50 and 100% (v/v; leachate/tap water) of ARL, and 100% concentration of the three well water samples. The outer dried, brown scales of the bulbs and the bottom plates (dried roots) were carefully removed leaving ring of the primordial roots intact. These were then placed in dechlorinated tap water to clean and prevent the primordial roots from drying up. Bulbs were later planted directly in the different concentrations of ARL and well water samples in 100 mL beakers at 27 ± 2 °C in a dark cupboard. Bulbs grown in well water sample from Itire served as negative control while those grown in 10 ppm lead nitrate solution served as the positive control. The test samples were changed daily to ensure continuous exposure of the onions. At 48 h, two onion bulbs with good growth were harvested; 0.5-1 cm from each root tip of each bulb was cut and fixed in ethanol:glacial acetic acid (3:1 v/v) for 24 h before the analysis of chromosome aberration. The obtained roots were hydrolyzed with 1N HCl at 60 °C for 5 min and subsequently washed in distilled water (3-4 times). Two root tips were squashed on each slide and stained with acetocarmine for 10 min. Excess stain was removed with filter paper and a cover slip carefully lowered onto each slide to exclude air bubbles. The cover slip was sealed on the slide with finger nail polish [15] . Six slides were prepared for each concentration out of which four were scored at ×1000. Cells (4000) were scored per concentration of the samples. The occurrence and frequency of aberrant cells were examined in all the stages of cell division and percentage aberrations were determined relative to the total number of dividing cells and total cell scored. The mitotic index (MI) was determined by counting the number of dividing cells per concentration including the controls, relative to the total number of cells scored.
At 72 h, the root lengths of each of the onion bulbs treated with the concentrations of ARL were harvested, measured and average root length per bulb per concentration was recorded. From the values obtained, the percentile root growth restriction in relation to the negative control and the EC 50 and EC 70 for the ARL was obtained. The effect of the samples on the morphology of the roots was also examined.
Micronucleus and Nuclear Abnormality Assay
Twenty fishes were randomly selected into a well aerated, rectangular and transparent 50 L plastic aquarium containing tap water at 27 ± 1.7 °C (control). Similarly, 20 fishes each were randomly selected and exposed to 50 and 100% concentrations (v/v; well water/ tap water) of AWW1 (chosen because of higher concentration of the analyzed parameters) and 12.5, 25 and 50% concentrations (v/v; leachate/tap water) of the leachate sample, for a period of 28 days in a semi-static bioassay conditions (with samples renewed twice weekly). During the time of exposure, 5 fishes were randomly selected at day 7, 14 and 28; and peripheral blood collected from their caudal vein using sterile syringes and needles, for the micronucleus (MN) assay. A thin smear of blood was made onto clean, grease free slides and air-dried overnight at room temperature before fixing in absolute methanol for 20 min and subsequently stained in May-Grunwald and 5% Giemsa respectively. Erythrocytes (2000) were scored per slide per fish at ×1000 for micronucleus (MN) and nuclear abnormalities. The nuclear abnormalities were scored along with MN as biomarkers of cytogenotoxicity in accordance with Carrasco et al. [16] and Cavas and Ergene-Gozukara [17, 18] .
Biochemical Assays in Mice
The mice were randomly divided into 12 groups of 5 animals per group. Group 1 received intraperitoneal (IP) injection of distilled water (0.5 mL/mouse) for five consecutive days (control A). Group 2 was given well water collected from Itire, Surulere, Lagos throughout the period of the experiment (5 weeks, equivalent of the longest exposure for groups [8] [9] [10] [11] [12] as their normal drinking water (control B). Groups 3, 4, 5, 6 and 7 received for five consecutive days 0.5mL IP injection of 1, 5, 10, 25 and 50% concentrations of the leachate sample, respectively; while groups 8, 9, 10, 11 and 12 were allowed to drink the well water (AWW1) without dilution (100%) for 1, 2, 3, 4 and 5 week(s), respectively. The routes of exposure (IP and drinking) were utilized purposively. In previous studies, we have shown that the tested leachate is genotoxic in both somatic and germ cells through the IP route [7] , while the well water was genotoxic in mice exposed through drinking (article under review). In order to understand the mechanism of genotoxicity thus reported, we used the same route of exposure to study oxidative stress as possible mechanism of the induced genotoxicity. The IP route for leachate administration is one of the fastest routes of delivery of test sample into experimental animals. We simulated natural condition of drinking for the other groups of mice because the well water was mainly used for drinking, cooking and other domestic uses by humans residing and/or working in the electronic market on which the study site is located.
At 24 h post exposure with overnight fasting, blood was collected by cardiac puncture into lithium coated serum separator tubes under a light anesthesia and mice were sacrificed by cervical dislocation. Liver tissues were surgically removed, placed on ice bath to remove excess blood and weighed before used for biochemical analysis. The liver tissues were then homogenized in ice cold isotonic phosphate buffer; pH 7.4 and centrifuged at 10,000 g for 15 min at 4 °C using cold centrifuge. The resultant supernatant was stored at −70 °C prior to subsequent biochemical analysis [19] . The collected blood sample was allowed to coagulate, centrifuged at 3000 g for 10 min to obtain serum (supernatant) and stored at −70 °C before biochemical analysis. CAT activity was determined according to Sinha [20] . SOD was assayed using the method described by Misra and Fridovich [21] . Protein content was determined by Biuret method [22] . Reduced glutathione (GSH) was determined using the method of Habig et al. [23] . Lipid peroxidation was measured as malondialdehyde (MDA) in accordance with Shokunbi and Odetola [24] and expressed as micromoles of MDA/g tissue. Serum AST and ALT activities were determined according to Reitman and Frankel [25] using Randox kits (Randox Laboratories diagnostic Ltd, UK).
Statistical Analysis
SPSS 16.0 ® statistical package was used for data analysis. Frequencies of induced MN and nuclear abnormalities were expressed per 1000 erythrocytes. Analysis of the differences in mean ± SE values for all data were determined using one way ANOVA. Duncan Multiple Range Tests comparison at p < 0.05 and p < 0.001 level of significance was used to compare the treated groups and corresponding controls, when the differences among the means were significant pairwise. Spearman's correlation coefficient (r) was used to evaluate concentration-response relationships in the experimental groups. Table 1 presents the physico-chemical parameters and heavy metals analyzed in the leachate, well water and the control tap water. The pH of the samples was within the standard limits [26, 27] . Alkalinity inAWW1 and AWW2, chloride and ammonia in AWW1, AWW2 and AWW3, Fe inAWW1, AWW2 and AWW3; and Mn in AWW1 and AWW2 were higher than allowable limit for drinkable water quality. The concentrations of heavy metals in ARL were higher than tap water and permissible limits in drinking water [26, 27] , with Pb having the highest concentration and As the least. 
Results
Physico-Chemical and Heavy Metal Analyses
Toxicity to Root Growth in A. cepa
There was good root growth in the negative control well water. The roots of bulbs grown in the well water samples from the e-waste dumpsite showed milky-white and yellowish colors, while the roots of onions treated with ARL showed black and brownish colors, rotten basal plate (mostly at the 50 and 100% treated concentrations; Figure 2) . Short, scanty, twisting and swollen (tumor) root tips were also observed in onions treated with both the well water samples and ARL. The ARL samples and positive control (10 ppm lead nitrate solution) induced concentration-dependent, significant (p<0.05) root growth inhibition in A. cepa (Figure 3) . Negative correlation coefficient (r = −0.9 at P = 0.01) was observed between ARL treatment concentrations and root length growth, with EC 50 and EC 70 values of 34.1% and 17.7%, respectively. The well water samples induced root growth inhibitions in the order AWW3 > AWW2 > AWW1, and were significant (p<0.05) in AWW2 and AWW3 treatments ( Figure 3 ). ARL induced a concentration-dependent, significant (p<0.05; r = −0.5 at P = 0.05) decrease in the mitotic index (MI), while only AWW1 and AWW3 samples induced significant decrease in MI compared to the negative control Table 2 ). The ARL and well water samples (in the order AWW2 > AWW1 > AWW3) also induced chromosomal aberrations in root tips of onions at all tested concentrations compared to the negative control ( Table 2 ). The aberrations include; spindle disturbance, sticky chromosomes, polar deviations, C-mitosis, non-disjunction at anaphase, vagrant and fragment chromosomes, anaphase bridges and other nuclear abnormalities such as lobulated nuclei, nuclear buds, nucleus with nuclear point and broken/damage nuclear materials (Figure 4a-o) . 
Micronucleus and Nuclear Abnormality Assay in Fish
There was reduced food intake and increase erratic movements in fish exposed to both AWW1 and ARL samples, though these were intense in fishes exposed to ARL. The frequencies of micronucleated erythrocytes and erythrocytes with nuclear abnormalities (blebbed nuclei and binucleated cells) were concentration-dependent and significant (p<0.05) but were not time dependent at tested concentrations of ARL and 100% concentration of the well water. The frequency of MN increased through the 7 th day and reached a maximum on the 14 th day of exposure, but decreased by the 28 th day at treated concentrations of ARL (except at 12.5% and 25% where there was continuous increase with time) and well water. There was significant, concentration-dependent increase in the frequency of nuclear abnormalities (Table 3 , Figure 5a -d) in fishes exposed to ARL; this was however time independent. and blebbed nuclei (BL) in Clarias gariepinus exposed to electronic waste leachate and contaminated well water (×1000). Table 4 shows the effects of the well water and ARL treatment on oxidative stress biomarkers in mice. There was significant (p < 0.05) increase in the liver CAT, MDA, GSH and serum ALT and AST, with concomitant decrease in the liver SOD activities of the treated mice. The 10, 25 and 50% concentrations of ARL induced significant (p < 0.001) increase in liver MDA, CAT, GSH and serum AST and ALT activities compared to the control group. Similarly, the 10, 25 and 50% concentrations of ARL induced significant (p < 0.001) decrease in liver SOD activities compared to the control. Liver GSH, SOD and serum ALT of mice treated with the well water samples were significantly (p < 0.001) different from the control well water on the 3 rd , 4 th and 5 th weeks of exposure. Liver CAT and serum AST were significantly (p < 0.001) different from the control on the 4 th and 5 th weeks of exposure while liver MDA differed from control only at the 5 th week (Table 4) . Table 4 . The effects of e-waste leachate and well water on liver lipid peroxidation (MDA), catalase, superoxide dismutase (SOD), reduced glutathione (GSH), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities in mice.
Biochemical Assay in Mice
E-waste MDA CAT SOD GSH ALT AST leachate (µmol/mL) (µm/mg) (U/mL/Min) (µm/g tissue) (U/mL) (U/mL) DW 5. 
Discussion
Human exposure to chemical substances in the environment may be from air, water and soil. E-waste contamination/pollution of the terrestrial and aquatic environments may increase the level of human exposure to heavy metals and organic contaminants. In developing countries including Nigeria, there are confirmations that harmful chemicals and microorganisms from unsanitary dumpsites are introduced into adjacent surface and ground waters used as drinking water by communities [28, 29] . Epidemiological data from consumption of unsafe water showed increased risk of nephrotoxicity, cancer and central nervous system defects [30, 31] . Exposure to chemicals through drinking contaminated water is capable of inducing DNA damage and enhancing genetic changes in somatic cells that can result in decreased cell survival or transformation and eventual reproductive abnormalities and cancer formation in organisms [32, 33] . The results of our study showed that the tested well water samples were contaminated by harmful substances. It also showed the cytogenotoxic potentials of well water samples from the vicinity of open e-waste dumpsite and e-waste leachate in A. cepa and peripheral erythrocytes of C. gariepinus. There was also induction of oxidative damage by constituents of the tested samples in mice.
The induction of chromosome aberration and decreasing mitotic index in A. cepa, as well as micronucleus and nuclear abnormalities in peripheral erythrocytes of C. gariepinus treated with the well water and e-waste leachate suggest that these samples contained clastogenic and/or aneugenic substances capable of increasing DNA damage and genome instability in the tested organisms. Gomez-Arroyo et al. [34] similarly reported that well water contaminated by arsenic from Zimapan, Hidalgo town in Mexico induced sister chromatid exchange in treated Vicia faba root tips. Kong and Ma [35] reported that shallow well water collected from the vicinity of five pesticide farms induced chromosome aberration and micronucleated cells in Allium root anaphase aberration, Tradescantia-micronucleus and Tradescantia stamen hair mutation.
Cytological aberrations and MI observations in plant test systems are excellent monitoring tests for detecting environmental chemicals that pose risk to the cytoplasm and genetic materials mostly during mitosis and meiosis. Studies using A. cepa assay have shown good correlation with in vivo cytogenetic studies in mammalian systems [15, 36] . It can be inferred that the inhibitory effects of the tested samples on root growth and cell proliferation in A. cepa was by inhibition of DNA synthesis at S-phase [37] , complete destruction of metabolic activities that prevented the cell from entering mitosis [38] or disturbances of cell cycle or chromatin materials [39] . Stickiness of chromosomes may be due to increase chromosome contraction and condensation or DNA depolymerization [40, 41] and nucleoproteins dissolution [42] . Similarly, anaphase bridges are probably formed during breakage and fusion of chromosomes and chromatids [43] , suggesting that the constituents of e-waste leachate and well water have clastogenic effect on the genetic materials of the exposed A. cepa [36] . The presence of C-mitosis may indicate the inhibitory effects on spindle formation (tubargenic effect) due to chemicals in the tested samples [44] .The observed lobulated nuclei and polynuclei cells may indicate cell death process in the root system of A. cepa [45] .
We are not aware of studies on e-waste contaminated well water and leachate induced genetic damage in C. gariepinus. The available information is on contaminated rivers. For instance, studies have shown that Berdan river, Turkey receiving discharges from industrial and municipal wastes induced increased MN in the peripheral erythrocytes, gill cells and caudal fin epithelial of Nile tilapia (Oreochromis niloticus) in a 2, 4 and 6 days exposure study [46] . In an in situ biomonitoring of polluted marine environment of the southern Mediterranean coast of Turkey, an increase in the frequency of MN induction in the peripheral erythrocytes and gill cells of grey mullet (Mugilcephalus) indicated that clastogenic and aneugenic substances from industrial effluents were discharged into the sea [17] . Formation of nuclear abnormalities along with MN in erythrocytes of fish is considered as possible indicators of genotoxicity when investigating the effects of pollutants in aquatic species [47] . In in vivo studies under controlled laboratory conditions, MN and NAs were measured to assess the genotoxic potentials of municipal landfill leachates in C. gariepinus [48] , textile mill effluent in O. niloticus [17] , crude oil in Scophthalmus maximus and Gadus morua [49] and heavy metal in Puntius altus [50] . Significant increase in binucleated erythrocytes of e-waste leachate treated C. gariepinus may indicate cytokinesis blocking of a normal dividing cell during M phase of the cell cycle (cytotoxicity) by constituents of the leachate, mostly the toxic metals [48, 50] . Blebbed and notch nuclei are associated with aneuploidy probably originated from tubuline failure, hence extruding from the nucleus as damage [51] . The presence of NAs can lead to genetic imbalance and carcinogenesis [52] , thus they complement the scoring of MN in cytogenotoxicity studies [53] .
In recent time, research focus on possible mechanisms of complex mixture induced DNA damage is increasing. Li et al. [54] and Bakare et al. [55] reported that the possible mechanism of municipal landfill and sludge leachates induced genotoxicity and toxicity in mice was by oxidative damage. Similarly, oxidative stress was implicated in incinerated bottom ash and municipal landfill leachates induced toxicity and genotoxicity in plant test systems [56] [57] [58] . These are in concert with our findings that e-waste leachate and contaminated well water induced elevated levels of lipid peroxidation and alterations in oxidative stress enzymes in liver of treated mice. MDA, an end product of lipoperoxydation, is considered a biomarker of oxidative stress and cellular damage [59, 60] . GSH, an antioxidant, plays a crucial role in protecting the cells from oxidative damage [61] , and change in the concentrations of GSH was observed during increases in oxidative stress [62] . Superoxide radicals or their transformation product, hydrogen peroxide (H 2 O 2 ), are capable of causing the oxidation of cysteine which will lead to decreased SOD activity [63] . Activities of SOD were markedly decreased by the tested samples which resulted in an increase in CAT activity, since the degradation of H 2 O 2 , a potent oxidant at high cellular concentration, is affected by CAT due to its induction against increased oxidative stress. It is plausible that the observed cytogenotoxic effects in A. cepa and C. gariepinus is via generation of reactive oxygen species.
Serum ALT and AST are the most used markers of hepatocellular necrosis and are considered sensitive indicators of hepatic injury [64, 65] and cell membrane damage and leakage [66] . Concomitant increase in the activities of ALT and AST in the serum of treated mice indicates acute hepatocellular injury. This is supported by previous finding wherein rats exposed to municipal landfill leachates showed concomitant increase in the serum activities of ALT and AST; severe necrosis, congestion and periportal cellular infiltrations of the liver tissues [67] . These observations further suggest that free radicals generated by the toxic constituents in the e-waste contaminated well water and leachate induced the cytogenotoxic effects in A. cepa and C. gariepinus.
The heavy metals and organic compounds present in the well water samples and e-waste leachate [10] are known to generate ROS that caused DNA, protein and lipid damage in eukaryotic cells [57] . These chemicals mostly heavy metals can bind to phosphate and base residues of DNA, to alter its primary and secondary structures [68] . They can also interfere with protein structure and function to cause DNA damage [69] . Therefore, free radical generation and oxidative damage by these chemicals may be responsible for the observed cytogenotoxic damage herein. The concentrations of the heavy metals and other compounds in the well water and e-waste leachate indicate environmental contamination due to indiscriminate disposal and open burning of e-waste. The high concentration of the chemicals can cause severe degradation in the groundwater quality and palatability to human consumption. This has been implicated with human gastrointestinal irritation and laxative effects [28, 31] , abnormal sperm quality [70] , chromosome aberration and DNA damage [71] , and reduced fecundity and adverse birth effects [72] .
Conclusions
In conclusion, e-waste leachate and contaminated well water induced cytogenotoxicity in C. gariepinus and A. cepa, and oxidative stress in mice. Heavy metals and organic compounds present in the tested samples provoked the observed DNA damage through ROS formation. Inappropriate e-waste management in Nigeria and other developing countries may impact on human populations and other living organisms, and contaminate the environment. It is important that appropriate regulatory authorities implement sustainable methods of managing e-wastes so as to protect human and environmental health.
